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The question of whether or not yellow fever virus multiplies in Agdes aegypti has long been a subject of debate. It is unfortunate that through lack of opportunity and material little work has been published on this subject. Gay and Sellards (1) in 1927 stated their belief that such multiplication occurs~ and they devised a hypothetical curve which proposed that there was first a drop in virus content followed by a rise. In 1932 Davis (2) showed that by increasing the temperature of the mosquitoes' environment, the period of incubation between the infection of A~des aegypti and their capacity to transmit by bite was shortened. Conversely, lowering the temperature lengthened this period. He believed that this was evidence of the multiplication of the virus in the mosquito. In 1933, however, Davis, Frobisher, and Lloyd (3)published experiments on the titration of virus in Stegomyia mosquitoes in which this opinion was reversed. By grinding up mosquitoes at intervals following their infection and injecting dilutions of them into monkeys, they showed that there was first a loss of virus followed by a rise. But as they were never able to recover subsequently as much virus as was present shortly after the mosquitoes were infected, they concluded that there had been no multiplication and that the incubation period could best be explained as the time required for the mechanical transportation of the virus to the salivary glands. $ellards (4) has reviewed Davis' papers, criticizing the conclusions of the latter studies and reaffirming his own conviction that multiplication in the insect host occurs. He offers no further evidence.
The possibility of virus multiplication in mosquitoes has received recent support in the experiments of Merrill and TenBroeck with the * The studies and observations on which this paper is based were conducted with the support and under the auspices of the Cooperative Yellow Fever Service maintained by the Brazilian Government and the International Health Division of The Rockefeller Foundation. 133
VIRUS OF YELLOW FEVER IN AEDES AEGYPTI virus of equine encephalomyelitis (5) . These authors have demonstrated that this virus can be passed from mosquito to mosquito without the intervention of an animal host. By feeding fresh batches of
Agdes aegypti on the ground bodies of mosquitoes previously infected, they have maintained the virus in undiminished quantity through more than 10 generations, thus proving that the virus has multiplied sufficiently in the bodies of the insects to compensate for the tremendous loss at each transfer. Merrill and TenBroeck's method of demonstrating multiplication is conclusive. But it fails to show the fate of the virus from week to week in the bodies of each generation of mosquito and is applicable only to those species which feed readily on artificial mosquito-blood mixtures. It also requires a constant supply of insects over a long period of time. As our intention was to study eventually not only Agdes aegypti but wild caught native mosquitoes as well, we decided upon the method of titration as being the most applicable to our needs.
All Davis' titrations were done in monkeys. This entailed considerable expense. Furthermore as the number of animals injected with each dilution of mosquito emulsion was small, the susceptibility or resistance of the individual test monkey influenced considerably the results of the experiments. Webster, Clow, and Bauer (6) have reported that mice can be used in titration studies on the fate of the virus of St. Louis encephalitis in Anopheles quadrimaculatus. This encouraged us to try these animals instead of monkeys, with the hope that by injecting 6 mice with each dilution of mosquito emulsion, a greater uniformity of results would follow. It would also permit us to carry out a larger number of observations. In Davis' titration experiments the mosquitoes were always infected at a time when the monkeys on which they fed were known to have tremendous quantities of virus in circulation. The initial titre of the mosquitoes was therefore very high and the drop during the next few days marked. It seemed to us theoretically possible that in the biological relationship between virus and mosquito, the maximum titre obtainable following incubation might be lower than the artificially produced high titre demonstrated immediately after the ingestion of fully virulent monkey blood. It appeared logical to assume that beyond a certain point, the growth requirements of the virus might surpass the capacity of the mosquito cells to supply them and that the maximum amount of virus present in the mosquito would be limited by this "supply and demand." Although Webster's results with A~opheles and the virus of St. Louis encephalitis have implied that there is a relationship between the initial and eventual titre of the mosquitoes, we hoped that by reducing the initial amount of virus in the mosquitoes, we could find a zone where sufficient virus was ingested by the mosquitoes to infect them all, but which would not yield titres too high to be surpassed should multiplication occur.
Methods and Materials
The A~des aegypti used in these experiments were raised in the laboratory.
At the time of infection they were usually about 2 weeks old. They were kept in groups of about 200 insects each and were infected by introducing into the cage the source monkey on which they were to feed. The monkey was placed on a board and its abdomen shaved. 1/6 hour sufficed for nearly all the mosquitoes to engorge, at which time the monkey was withdrawn. When it was anticipated that many infected insects would be needed, the monkey was placed in a second cage, in which case the fed mosquitoes in the two cages were considered as one lot. After feeding, all non-engorged insects were removed and discarded. At subsequent intervals units of 30 mosquitoes were withdrawn for titration.
As mosquitoes vary in weight depending on the mount of water or honey they have recently taken, it was decided to adopt a standard weight of 2 nag. per mosquito rather than attempt to weigh them before each titration. Besides giving a constant basis for preparing diluents in advance, it saved the considerable time lost in weighing the insects after they had been anesthetized. The 30 mosquitoes to be titrated were chloroformed, and as soon as they ceased moving they were crushed in a mortar with 0.3 co. of a human serum pool. This serum pool had been tested for the presence of substances injurious to yellow fever virus and was known to be free from them. To the crushed insects was added a small amount of sterile pyrex glass powder as an abrasive, and the whole was ground to a smooth paste. The glass powder had been prepared by cleaning in concentrated sulfuric acid and washing with distilled water until acid-free. It had then been dried and distributed in tubes for sterilization. After the mosquitoes had been ground to a paste, 2.64 cc. of a 10 per cent dilution of the above mentioned serum in normal salt solution was slowly stirred in. In this way 30 mosquitoes weighing 60 rag. were diluted with a total of 2.94 cc., making a 1:50 suspension by weight. This material was centrifuged for 5 minutes at low speed and the turbid supernatant fluid pipetted off for use, care being taken to avoid the film of fat which floats on the surface of the liquid. Serial tenfold dilutions of the 1:50 suspension were then made in the 10 per cent serum-saline diluent, a fresh pipette being used for each transfer. 6 mice were injected intracerebrally with each of the dilutions, the volume of the inoculum being 0.03 cc.
To control the amount of virus originally taken up by the mosquitoes, the monkey was bled immediately after the insects had fed and the serum virus was titrated in mice. Serial tenfold dilutions were prepared, using the standard 10 per cent serum-saline diluent, and each of the dilutions was injected into 6 mice intracerebraUy in 0.03 cc. amounts.
The Asibi strain of virus was used throughout these experiments.
In calculating the titres of both the monkey sera and the mosquitoes, a statistical method advocated by Muench was used (7). The end-point is considered as that dilution of virus which, when injected in 0.03 cc. amounts into the brains of mice, will produce a 50 per cent mortality. In this paper we have used the reciprocal of the dilution instead of the dilution itself to signify the titre.
To clarify this method of determining the numerical end-point, Table I summarizes an actual titration.
Assuming that the mouse dying following the injection of the 1:50,000 dilution would have died if injected with the more concentrated suspensions and, conversely, that the mouse surviving the 1:5,000 dilution would have survived the more dilute suspensions, we can calculate the survivors and deaths as illustrated in Table I , thus smoothing out minor irregularities. From this we can calculate the exact end-point by means of Muench's graph.
EXPER~ENT' AL
The first experiments were more or less exploratory and were not intended to be complete. It was our object to get a brief view of the general response of the mosquitoes and to determine if possible the theoretical maximum concentration of virus in them.
Experiment/.--Mosquitoes of lot 1 were allowed to feed on a rhesus monkey at the time when it first had fever following the inoculation of yellow fever virus. After the mosquitoes had engorged, the monkey was bled and the serum titrated in mice. The titre was moderately high (495,000). Groups of 30 mosquitoes were withdrawn from lot 1 for titration 8, 16, 24, and 32 days after feeding on the monkey. The 8th day titre was 1,500, with a definite rise at each subsequent titration until at 32 days it had become 16,000. Table II gives the detailed results of this experiment. Experiment 2.--Mosquitoes of lot 2 were fed on a rkesus monkey on the 2nd day following its inoculation with source virus. At this time the monkey had no fever, and the titration of its serum showed that there was a very small amount of virus present in circulation, the titre being only 1,800. The mosquitoes were titrated 3, 14, and 25 days after their infectious meal. 3 days after the ingestion of this small amount of virus none could be demonstrated in the mosquitoes in the most concentrated suspensions tested (1:50). However, by 14 days virus was detectable with a fitre of 1,170, and at 25 days it had increased to 16,000. monkey on the 2nd day following its inoculation with source virus, and before the appearance of fever. In anticipation of a small quantity of virus in circulation, the series of dilutions tested was only carried to 1 : 10,000. This proved to be insufficient to reach the end-point of infectivity. Based on the average date of death of the mice following the injection of the several dilutions, it was estimated that the titre of the serum was approximately 1,000,000. The mosquitoes were titrated 6, 16, and 28 days after their infection. Starting with a titre of 500, the concentration of virus rose rapidly to 28,400 at 16 days, then fell to 16,000 at 28 days. Table II These first experiments demonstrated a relatively uniform titre of virus present in the mosquitoes following an incubation period of 3 to 4 weeks, regardless of the amount of virus taken up at the time of feeding. It indicated that if we could infect mosquitoes on amounts of virus so regulated that the initial titres were less than 16,000, yet which were sufficient to infect all the mosquitoes, tests for multiplication could be carried out. With this in mind the following experiments were completed. Experiment 4.--Mosquitoes of lot 4 were fed on a rhesus monkey with a titre of circulating virus of 10,000. Within a few hours of feeding 30 of the mosquitoes were titrated as a basis for future comparison, and again at 4, 7, 14, 21, 28, 35 42, and 56 days. The titre a few hours after feeding was 2,150, but in 4 days it had fallen below detection in 1:50 dilution. At 7 days virus was again detectable and had regained its original titre at 2 weeks. Between 3 weeks and 8 weeks the titre fluctuated around 16,000, going as high as 21,500 and as bw as 11,600. The average for this period was 17,230, a figure quite comparable to the results in the first three experiments. Table III gives the complete figures.
Experi~nent 5.--Mosquitoes of lot 5 were fed on a rhesus monkey with a titre of circulating virus of 4,000. They were titrated several hours after feeding, and at 5, 7, 14, 28, 59, and 70 days. The titre immediately after feeding was 1,600, and it fell by the 3rd day to undetectable amounts. On the 7th day enough virus was present in the 1:50 dilution to kill 1 of 6 mice injected. As this amount of virus is too small to determine mathematically we have estimated the titre as about 5. By 14 days the virus content had climbed to 3,500. In the 28 day titration the mice started to sicken more rapidly than in the preceding one, usuaUy a sign that there is a greater quantity of virus in the inoculum, but as the final percentage of mice dying was only a little higher, the calculated titre was but 3,750. At 59 days, however, it had reached 16,000. About this time, owing both to the age of the mosquitoes and to the increasing heat and dryness of the environment, the remaining insects began to die. At 70 days barely enough mosquitoes were alive to complete a final titration, and the titre had fallen to 6,700. These results are summarized in Tab16 III.
Experiment &--Mosquitoes of lot 6 were fed on a rhesus monkey with a titre of circuhting virus of only 570. They were titrated several hours after feeding, and at 3, 7, 14, 42, and 56 days. The initial titre was 160. This dropped to less than a detectable amount and remained so for at least 2 weeks, and it was thought that the mosquitoes had not become infected. Unfortunately the author had to be away for several weeks following this and it was not possible to titrate the mosquitoes until the 42nd day. At that time virus had reappeared with a titre Because of the very low titre of the mosquitoes immediately after feeding, they were tested for their capacity to transmit by bite at the time the 14 day titration was made. A normal monkey was introduced into the cage and was fed upon by more than 200 insects. This monkey did not develop symptoms, nor was it immunized, showing that the mosquitoes had failed to transmit at that time. Immediately before the final titration at 56 days, another monkey was introduced into the cage. This monkey had been used in a previous experiment but was thought to be non-immune. Unfortunately it had become immunized, as was proved by the demonstration of antibodies in the serum withdrawn just before the mosquitoes were fed on it. As a result, the titration of the engorged mosquitoes was complicated by the addition of the recently ingested immune serum. Since in the serial dilutions of the mosquito emulsions the immune serum was also being diluted, the effect was not marked in the more concentrated suspension. The 1:5,000 dilution was not particuhrly affected, as by this time the immune serum was too dilute to have any action. This dilution, as a matter of fact, had almost the identical effect on the mice as the same dilution in the 42 day titration. But the virus in both the 1:50 and 1:500 dilutions was partiaUy neutralized, and there were delayed deaths and survivors in the mice injected with them. This reduced the number of mice dying in the titration as a whole and markedly lowered the titre to 1,100. Even so, this is more than 6 times higher than the initial reading. See Table III for the summary.
These experiments showed that, following an incubation period, titres of virus can be recovered from mosquitoes which are significantly greater than at any preceding time. This fulfiUs both Davis' and Webster's criterion of multiplication. However, in continuing this work we have found that the apparent uniformity in the response of the mosquitoes is subject to variation. In both previous series the final titre was constantly in the neighborhood of 16,000 to 20,000. Experiments conducted after an interval of approximately 6 months, in which A~'des aegypti were used as controls for fitrations on other native mosquitoes, showed that titres at least 10 times higher were to be observed. The following experiment may be taken as an example.
Experiment 7.--Two separate lots of Agdes aegypti were fed at the same time on an Asibi-infected rhesus monkey at the height of infection. The serum of this monkey, titrated immediately after the mosquitoes had engorged, killed all of the mice injected with the 1:1,000,000 dilution. On the 3rd day 30 mosquitoes from each lot were titrated separately, yielding titres of 10,850 and 8,800. On the 14th day they were again separately titrated. At this time the quantity of virus in the mosquitoes was higher than was anticipated and a complete endpoint was not reached. In lot 7, however, 1 of 6 mice injected with the 1:50,000 dilution survived and 2 of 6 injected with 1:500,000, a total of 3 survivors in the titration. In lot 8, although no mice survived the 1:50,000 dilution, 3 of 6 mice survived the 1:500,000, again a total of 3 survivors in the titration. On the 16th day 3 groups of 30 mosquitoes each from lot 8 were titrated separately. The results of two titrations were 146,000 and 160,000. The third was identical with the 14th day titration from the same lot, namely, 3 of 6 mice survived in the 1:500,000 dilution. See Table IV. This experiment shows a satisfactory correlation between the comparable titrations, but convincingly demonstrates a marked increase in titre over the 16,000 level so constantly found previously. There are several ways to explain this phenomenon, but the one which appeared at the time to be the most likely was the effect of seasonal variations in temperature, rainfall, etc., on the capacity of the mosquitoes to multiply the virus. The earlier experiments had been done during the rainy season and following period of cool weather, while the more recent experiments were done during the hot dry season. It seemed possible that with higher prevailing temperatures greater quantities of virus might be expected to develop in the mosquito.
To test the effect of seasonal variations it was hoped that by waiting for weather conditions similar to those of the preceding year, we could demonstrate that the titres would again be lower. Unfortunately the current year has been much dryer, and the rains, which have come late, have been less concentrated, so that we have not been able to duplicate the conditions of the earlier experiments. However, a final test was performed at about the same time of year as the second series of experiments.
Experiment 8.--400 mosquitoes of lot 9 were fed on an Asibi-infected rhesus monkey 65 hours after its inoculation and before the onset of fever. The titre of its serum at the time of the mosquito feeding was 57,000. 2 groups of 30 mosquitoes each were separately titrated on the day of feeding, the 3rd day, 24th day, and 38th day. The results of these tltrations are summarized in Table V. Although it is obvious that the comparable titrations do not check as well as those of Experiment 7, they nevertheless repeat the observa-tions of the earlier experiments, namely that titres of virus well in excess of the initial level can be recovered from Agdes aegypti infected with Asibi virus. This experiment fails to confirm the hypothesis of seasonal variation in the maximum virus contents of infected mosquitoes. However, in view of the fact that the seasons themselves have not been the same, this failure is not necessarily significant. It is quite possible that the low titres shown in the early experiments are the exceptions due to an unusually wet and cool season. The experiments presented demonstrate that more virus can be recovered from Agdes aegypti following an incubation period than immediately after feeding. These experiments also show that within limits this method of studying the fate of virus in mosquitoes is practical, but is subject to variations of unexplained origin. These variations may be the results of technical limitation, or may reflect factors of which we have little knowledge. It is believed that the change from the constant level of about 16,000 in the first two series of experiments to the higher level in the last two is not due to chance or a change in technique but is an experimental fact. It is known by those who work with yellow fever virus that there are at times fluctuations in virulence of both the Asibi virus and other strains. Whether this is due to changes in the virus itself or merely reflects an altered physiological response on the part of the test animal is not known. It is possible that our higher titres in the last two experiments were due not to a change in environment as previously suggested but to just such a fluctuation in the virulence of the virus, or in the susceptibility of the mice used in the titrations. The fact that the last experiment shows discrepancies between the results of parallel titrations, particularly the first and last, probably reflects the errors of this method. Any single result is therefore subject to discount. When, however, as is shown here, series after series of titrations point in the same direction, we feel that we can ignore the error introduced by individual readings.
CONCLUSIONS
A~es a~gypti have been shown to be capable of multiplying the Asibi strain of yellow fever virus in their bodies. Following the ingestion of infected blood, the content of virus falls for several days, reaching a minimum during the 1st week. It then increases rapidly until quantities of virus greater than those previously encountered can be demonstrated. The actual final amount of virus demonstrable, however, is subject to variations of which we know little.
We are grateful to Dr. P. C. A. Antunes for supplying us with the mosquitoes used in the studies here reported and for the maintenance of the infected insects. 
